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Intercalated cella b s t r a c t
The intercalated cell of the collecting tubule of themammalian kidney is specialized for the transport
of H+ andHCO3. They exist in two forms; one specialized for acid secretion and the other secretes HCO3
into the urine. We discovered many years ago that feeding animals an acid diet converts the HCO3
secreting form to an acid secreting type. Here I discuss the molecular basis of this transformation.
The conversion of the cell types is mediated by an extracellular matrix protein hensin (also known
as DMBT1). However much remains to be identiﬁed in the differentiation of these cells.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction 2. Intercalated cells and H+/HCO3 transportThe earliest multicellular organisms arose by differentiation of
unicellular types to form structures that allowed new functions
for these animals. Of these functions, two were obviously neces-
sary, germ cells for self-perpetuation and epithelial cells that allow
separation of an internal milieu from the surrounding waters. In-
deed, the earliest such organisms, sponges contain only these
two cell types. In vertebrates the number of types of epithelial cells
far out number other types of cells, existing in essentially most or-
gans. Most of these epithelia organs are composed of different seg-
ments or tissues each with its own speciﬁc epithelial type. For
instance in the pancreas, the epithelial cells of the acini and the
ducts are quite different but the acinus or the duct each has only
one characteristic epithelial cell type. In some epithelia, however
there are two or more cell types that exist in a mosaic pattern in
the same tissue. This so called salt and pepper pattern exists in
the skin and gills of ﬁshes [1], in the amphibian and reptilian skin
[2], the inner ear [3] and several distal epithelia in the kidney
including the urinary bladder of amphibia and reptiles and the
mammalian the kidney collecting tubule [4]. In addition during
early mouse embryo development the primitive endoderm [5]
has a stage in which cells destined to have different fates exist to-
gether in a seemingly random manner.The function of the intercalated cells has been intensively studied
in renal epithelia. In the turtleurinarybladder, Steinmetz [6] demon-
strated that the epithelium secretes H+ and since it became known
that this epithelium contains ‘‘mitochondria-rich’’ cells which were
enriched in carbonic anhydrase [7], an enzyme critical for acid secre-
tion it was possible to ascribe this function to these cells. Later it was
discovered that this epitheliumwasalso capable of secretionofHCO3
in exchange for Cl [8]. Interestingly, Steinmetz also identiﬁed two
morphologic varieties of these mitochondria-rich cells that they
termed a and b [9]. Similar studies to those in turtle bladder also
identiﬁed intercalated (or mitochondria-rich) cells in the collecting
tubules as well as both acid secretion and HCO3 secretion.
Especially in cortical collecting tubules isolated from rabbit kid-
neys the dominant form of transport was HCO3 secretion. Because
we had discovered that the acid secreting (a) intercalated cells had
vigorous apical endocytosis [10] we perfused rabbit cortical col-
lecting tubules with an endocytosis marker and found that there
remained a large fraction of intercalated cells in these HCO3-
secreting tubules that had no apical endocytosis. We then con-
cluded that these must be the HCO3-secreting b type [11]. An apical
Cl:HCO3 exchanger and a basolateral H+ ATPase mediate secretion
of base by the b cells while a cells secrete acid by an apical H+ ATP-
ase and a basolateral Cl:HCO3 exchanger. In both cell types, it is
same vacuolar ATPase that is located in the apical membrane of
the a form and in the basolateral membrane of the b type[12].
However, there is now general agreement that the apical Cl:HCO3
exchanger of the b form is pendrin while the basolateral exchanger
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changer, AE1. Remarkably, we discovered that metabolic acidosis
converts the collecting tubule from a state of HCO3 secretion to
HCO3 absorption (i.e., H+ secretion). We found that this was due
to an increase in the a type with a quantitatively equal decrease
in the b form, a situation that we interpreted to mean that the al-
kali secreting cell converted to an acid secreting variety. The rever-
sal of the polarized distribution of the H+ ATPase attracted much
attention among cell biologists since it contradicted the determin-
istic idea (current in the mid 1980’s) that polarized sorting of pro-
teins in epithelia was due to the presence of targeting sequences in
the proteins and hence was ‘‘immutable’’. We initially proposed
and had experimental evidence for the reversal of targeting of
the AE1 protein as well, but recent studies by many others showed
that the apical Cl:HCO3 exchanger is pendrin (Slc26A4) [13], hence
we have to modify our initial hypothesis by saying that acidosis re-
verses the polarized distribution of only the H+ ATPase, removes
pendrin from the apical membrane and induces the AE1. We have
provided compelling evidence for the existence of this plasticity
using a variety of in vitro and in vivo methods. Over the past ten
years of study of this plasticity, we have come to the surprising
conclusion that the conversion of the b to the a-intercalated cell
is a manifestation of epithelial terminal differentiation with the
a type being the more differentiated form of the cell. Hence the
study of the molecular basis of this plasticity will shed light on
the process of epithelial differentiation, a process that at the center
of organogenesis and of diseases such as cancer.
To identify the molecules that mediate this conversion we puri-
ﬁed b-intercalated cells from rabbits using peanut lectin as a mar-
ker. We then transfected these cells with a temperature -sensitive
SV-40 large T antigen to generate an immortalized clonal interca-
lated cell clonal line [14]. We found that these cells did not respond
to an acid stimulus but retained the ability to convert from a b phe-
notype toawhen the seeding density of the b cells was increased by
100-fold. When we seeded them at sub-conﬂuent density they
became b-intercalated cells at conﬂuence. But when seeded at
super-conﬂuent density, this clonal cell line became identical to
a-intercalated cells [15]. This was not simply a matter of density,
since cells seeded at low-density at conﬂuence had essentially the
same cell number, yet they remained b-intercalated cells. To iden-
tify the mechanism of the effect of high density we ﬁrst thought
that there might be a factor that is being secreted in the medium
and of course its concentration in high density cells would be great-
er. But detailed efforts at concentrating conditioned media led no-
where. We then tested the idea that perhaps at high density the
cells deposit an extracellularmatrix protein on the ﬁlter that can in-
struct the cells to change a phenotype. We seeded cells at high den-
sity on ﬁlters, then solubilized and discarded the cells. On these
‘‘conditioned ﬁlters’’ we seeded cells at low density. Remarkably
the cells acquired the phenotype of high density. Hence, high-
density cells deposited an extracellular matrix protein that in-
structed low density to become aintercalated cells. These results
conclusively demonstrate that it was not density per se that pro-
duced the change in phenotype rather density at seeding. We puri-
ﬁed this protein and termed it hensin and found that it is expressed
in most epithelia. In particular we found that when b-intercalated
cells were exposed to an acid medium it lost its apical Cl:HCO3 ex-
changer while developing basolateral Cl:HOC3 exchange and that
blocking antibodies to hensin prevented this process [16].
3. Hensin deposition in the ECM requires polymerization
Hensin is expressed as a monomer in the b IC that is secreted
largely into the basolateral medium. However, in the media of a-intercalated cells many multimers of hensin are present and the
majority is deposited in the extracellular matrix in an ‘‘insoluble’’
form with an apparent molecular mass in excess of 10 million.
When hensin was puriﬁed from the ECM a ﬁbrillar structure ap-
peared on negative staining electron microscopy [17]. Only the
ECM from of hensin is capable of inducing the conversion of b-
intercalated cell to a-intercalated. The earliest step causing hensin
deposition is binding of monomeric hensin to an activated avb1
integrins. Blocking antibodies to b1 integrin prevented hensin
polymerization and activating antibodies were able to polymerize
hensin and induce conversion of the phenotypes [18]. Two other
proteins need to be secreted to complete the polymerization;
galectin 3 must bind to hensin in the ECM [19,20]. We found that
another protein cyclophilin A, is also needed. Its enzymatic activity
(cis/trans prolyl isomerase) is what is needed since inhibition of
this enzyme prevented hensin polymerization. Hensin contains
several proline rich regions which under the inﬂuence of cyclophi-
lin A might be converted into an all-trans form which would be
predicted to produce a super-helix [21]. Interestingly these pro-
teins, galectin 3 and cyclophilin A do not contain signal sequences
and hence must be secreted by the non-classical secretory
pathway.
4. Conversion of b to a intercalated cells is similar to terminal
differentiation
While the two types of intercalated cells have opposing H+
transport properties they differed in many other ways both
in vitro and in vivo. High-density cells (a-intercalated cell) were
twice as tall as low-density cells. The apical surface of a-interca-
lated cells has exuberant apical microvilli and vigorous apical
endocytosis. b-intercalated cells had hardly any apical microvilli
and essentially no apical endocytosis [22,23]. Apical microvilli
require the presence of elaborate cytoskeleton and indeed we
found that high-density cells induce the production of villin
and cytokeratin19, proteins that are absent in low-density cells.
All of these phenomena were induced by puriﬁed hensin. All
the characteristics of high density intercalated cells are those
of terminally differentiated columnar epithelia and low density
intercalated cells remind one of early embryonic epithelia (e.g.,
primitive endoderm, kidney tubules at E 12, early small intes-
tine) where the cells are ﬂat have no apical microvilli, no apical
endocytosis no exocytosis. Indeed, when we cultured embryonic
stem cells on hensin, we found that they developed into colum-
nar epithelia with apical microvilli and apical endocytosis [24].
When we performed a global knockout of hensin we found that
the embryos died at E 4.5, a time when the ﬁrst columnar epi-
thelium, the visceral endoderm developed. Terminal differentia-
tion in some epithelia continues in adult life e.g., in the
intestine, the crypt cells are less differentiated than the villus
cells and hensin is localized in the ECM only underneath the
absorptive cells of the villus in the intestine; similarly hensin
is located in the ECM of luminal cells of the prostate but not
in that of the less differentiated basal cells. Many cancer biolo-
gists believe that blockade of terminal differentiation is a critical
determinant of oncogenesis and the human orthologue of hensin
(DMBT1), was found to be deleted in a vast number of epithelial
cancers [25]. Hence we suggest that hensin might be involved in
the terminal differentiation of other epithelia. I use the term ter-
minal differentiation in the modern sense in that it is an ad-
vanced state of specialization rather as a state where
proliferation no longer is possible. Indeed, studies have shown
that acidosis can induce proliferation of the a-intercalated cells
[26,27].
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lineage reveals that the b-IC is a progenitor of the a-IC
The most rigorous test of the conversion of b to a IC requires
identiﬁcation of a necessary and sufﬁcient intermediate in this
‘‘reaction’’ and removing it. We have now generated mice lacking
hensin in the intercalated cell lineage using a Cre driven by the
B1 subunit of the H+ ATPase (VB1) promoter [28]. The mice were
viable and fertile. We performed an analysis of their intercalated
cells (identiﬁed as those cells expressing VB1+. We found that dele-
tion of hensin did not affect the fraction of IC in these tubules as a
percentage of the total number of cells (39% in mutants vs 38% in
WT). We then stained kidney cortex and medulla with antibodies
to VB1 and simultaneously with either AE1 (for a intercalated cell)
or pendrin for b-intercalated cell. We found that 30% of the cells in
the cortex of wild type mice were b-intercalated cells while in the
mice lacking hensin in the intercalated cell close to 100% of the
intercalated cells were of the b variety. There were no a-interca-
lated cells in either cortex or medulla in the mutant mice. A critical
step in the polymerization of hensin is the activation of inside out
signaling by b1-integrin [12]. We constructed mice lacking b1 inte-
grin in the intercalated cells and found that these mice also lacked
a-IC and all their cortical intercalated cell were of the b-IC variety.
Both lines of mice had spontaneous acidosis and their urine pH was
higher than their wild type littermates. Thus they had distal renal
tubular acidosis [19].
6. Development and differentiation of intercalated cells
It is now clear that all cell types in these mosaic epithelial tis-
sues originate from a single progenitor type but then a process be-
gins that speciﬁes a ‘‘minority’’ cell type that is distributed among
the majority cell type. When both cell types arise from the same
progenitor, the key mechanism to cause the mosaic pattern is lat-
eral inhibition. In this process one cell with a given developmental
fate sends a direct signal to its neighbor causing it to assume a dif-
ferent fate. The Notch signaling pathway mediates the molecular
mechanism where the sending cell expresses a Notch ligand (Del-
ta-like or Jagged in mammals) and the receiving cell expresses
the Notch receptor. Upon ligand binding, the extracellular domain
of the Notch receptor undergoes endocytosis within the signal-
sending cell. In the signal-receiving cell, the notch intracellular do-
main (NICD) is generated via a series of proteolytic steps through
c-secretase. The NICD is then translocated to the nucleus of this
cell and ultimately induces expression of a number of transcription
factors of the HES family that are usually repressors. Recently Jeong
et al. [29] deleted one component of the Notch signaling pathway
in the collecting tubule and found an increase in intercalated cells
and a concomitant decrease in the number of principal cells. Fur-
ther, when they over-expressed NICD in all collecting duct cells
they found no intercalated cells, all cells were of the principal type.
Similar results were found in the Xenopus skin [30]. These studies
suggest that active notch signaling was necessary for intercalated
cells development. But which cells were the sending ones and
which the receiving cells was not made apparent in these studies
since the conditional deletion in these two studies were performed
without the use of cell type speciﬁc agents. We found that while
the ureteric bud expresses three of the notch receptors it does
not express any of the ligands at embryonic day 15.5, i.e., before
the intercalated cell speciﬁc proteins are expressed [31]. This sug-
gests that whatever signal that is upstream of the notch ligand will
be the one that determines the appearance of the intercalated cell.
Hence it would be of great interest to identify the location of the
Notch ligand at around E15 concomitant with expression of inter-
calated cell speciﬁc genes.Deletion of the gene Foxi1 resulted in a complete disappearance
of the intercalated cells [32]. Interestingly, the FORE cells [33] in
the inner ear also disappeared as did the intercalated cells in the
Xenopus skin (7) suggesting that all these cells use a similar genet-
ic program for their fate speciﬁcation. Foxi1 directly activates the
expression of several subunits of the vacuolar ATPase [34]. But is
Foxi1 upstream or downstream of the notch signaling pathway?
That question will need to be answered using direct methods. Fur-
ther the role of grainyhead transcription factors is emerging as an-
other critical fate determining gene in intercalated cell
development but its exact locus in the pathway remains to be iden-
tiﬁed [35]. It would be important to ﬁnd out whether grainyhead is
upstream or downstream of notch and foxi1. In short much pro-
gress has happened in the development and speciﬁcation of inter-
calated cells but much remains to be discovered.
7. Coda
The identiﬁcation of the b-intercalated cell as a progenitor of
the a-intercalated cell provides a nice model for an ongoing pro-
cess of cellular differentiation in the adult kidney. In this way the
kidney perhaps, on a limited scale resembles the intestine where
progenitor stem cells in the crypt continuously differentiate to pro-
duce the variety of cell types including the absorptive villous cell,
paneth cell, mucus cell and neuro-endocrine cell. There is some
evidence for instance that CD133-positive parietal epithelial can
generate podocytes [36].
But how does acid pH signal to the intercalated cells to induce
this conversion? Is it simply through reduction of blood pH? Re-
cent studies have ‘‘de-orphanized’’ as many as 4 G-protein coupled
receptors showing that they are proton receptors [37–39]. When
one of them, GPR4 was deleted it led to distal renal tubular acidosis
[40]. The authors found that reductions in ambient pH of cells
transfected with GPR4 from 7.4 to 7.0 increased cyclic AMP. Others
found that cyclic AMP stimulates proton secretion by a-interca-
lated cells [41]. But whether this system also mediates conversion
of b to a-intercalated cells is not known at present.
How does hensin lead to the conversion? We had searched for a
receptor for hensin using biochemical studies and cross-linking
and found one, b1 integrin. However, b1 integrin turned out to
be the ‘‘receptor’’ that mediates polymerization of hensin rather
than its signaling. One possible mechanism we are investigating
now is that hensin might bind and sequester or present another
factor that is the mediator of the conversion process. There are a
number of such precedents where extracellular matrix proteins
such as heparin sulfate proteoglycans bind and activate ﬁbroblast
growth factors, TGF-b, hedgehog and others [42].
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